monocytic tumor cell line, c-fos and c-myc 3Ј UTRs, containing class I AREs, destabilized a reporter mRNA, whereas the GM-CSF 3Ј UTR containing a class II ARE did not (36) . A similar discrimination between the two classes of AREs has also been suggested in two other studies. Stimulation of quiescent primary T lymphocytes with antibodies to CD3/CD28 receptors specifically stabilizes lymphokine mRNAs containing class II AREs, while c-fos and c-myc mRNAs remain unstable (24) . The interleukin-3 (IL-3) ARE, having class II characteristics, is required in a mast tumor cell line for the destabilization of IL-3 mRNA induced by the immunosuppressant cyclosporine A (30) . Significantly, the role of IL-3 AREs cannot be substituted by class I AREs from either c-fos or c-myc. Thus, it appears that in vivo a fine-tuning mechanism is likely to exist that differentially regulates the RNA destabilizing function between class I and class II AREs.
In an effort to understand the mechanism and regulation of ARE-mediated mRNA turnover, many laboratories have used in vitro approaches to identify proteins that bind AU-or Urich sequences (16, 21, 33 ; also reviewed in references 25 and 43) . Among ARE-BPs, heterogeneous nuclear ribonucleoprotein (hnRNP) D, also termed AUF1 (49) , has been widely studied for its potential role in ARE-mediated mRNA decay (for examples, see references 10, 25, and 41). In vitro RNAbinding studies using recombinant proteins made in Escherichia coli showed that hnRNP D displays high affinity, with dissociation constants at a nanomolar range, for a variety of AREs and a (UUAG) n sequence, as well as a stretch of 32-nucleotide (nt) uridylates (1, 10, 18, 44) . It was also concluded in one of these in vitro studies that the hallmark motif of most AREs, AUUUA, is not required for hnRNP D binding (43) . In vitro binding studies of other recombinant ARE-BPs, e.g., HuR (27) , have often led to the similar conclusion that AREBPs indiscriminately bind AREs showing distinctly different sequence features and that the U-rich sequence serves as an effective competitor to abolish ARE-BP binding to native AREs.
The hnRNP D gene is also unique among other ARE-BPs in that it is transcribed into a pre-mRNA that undergoes alternative pre-mRNA splicing of two coding exons, exon 2 and exon 7, to give rise to four different protein isoforms with apparent molecular masses of 37, 40, 42, and 45 kDa (Fig. 1A ) (12, 42) . The hnRNP D protein exhibits structural motifs that are arranged in a similar way to hnRNP A1: an N-terminal domain followed by two consecutive RNA recognition motifs (RRMs) and a C-terminal domain containing Arg-Gly-Gly (RGG) motifs (13) . Transfection studies have shown that hnRNP D functions as an mRNA destabilizing factor in human erythroleukemic K562 cells (25) and is targeted for degradation by the ubiquitin-proteasome pathway (22) . More recently, the participation of hnRNP D in RNA turnover was extended to include the mRNA decay directed by the c-fos major coding determinant (15) , a purine-rich sequence that shares no sequence similarity with AREs. It was found that hnRNP D is an integral component of a multiprotein complex that mediates c-fos major coding determinant-directed mRNA decay (15) . These observations suggest that hnRNP D may play multiple roles in cytoplasmic mRNA turnover.
In view of these observations, several critical issues arise concerning the in vivo relationships among AREs, ARE-BPs, and molecular mechanisms controlling ARE-mediated mRNA decay. For example, what are the critical features of AREs that are recognized in vivo by different ARE-BPs? Do all ARE-BPs share similar binding specificities in vivo and thereby indiscriminately regulate the function of all AREs, or do they regulate a specific class of AREs or even a particular ARE in a cell-specific manner in response to environmental cues? What role(s) does each ARE-BP play in ARE-mediated turnover? In theory, ARE-BPs could play a destabilizing or stabilizing role or even dual roles in vivo. For instance, their association with an ARE could promote assembly of a decay complex necessary for RNA destabilization in the cytoplasm. Alternatively, their binding could prevent the formation of such a decay complex, thus leading to RNA stabilization. A relevant question is whether ARE-BPs change their RNA binding affinity or specificity, e.g., via interaction with other proteins in vivo, thus playing multiple roles in mRNA turnover involving decay pathways other than the ARE-directed pathway.
In an effort to address these issues, we investigated the roles of hnRNP D in controlling mRNA decay directed by two distinct decay pathways involving the ARE and the c-fos coding determinants. We showed that hnRNP D plays dual roles in ARE-mediated RNA turnover in a cell-type-specific manner: a stabilizing role observed in NIH 3T3 cells (this study) and a destabilizing role identified previously in K562 cells (25) . In contrast to indiscriminate binding of hnRNP D to AREs observed in vitro using E. coli recombinant proteins, we found that its in vivo action on AREs is selective. hnRNP D effectively down-regulates the destabilizing function of class II AREs containing multiple clustered AUUUA motifs. The data provide a molecular basis that explains how class II AREcontaining cytokine mRNAs are differentially stabilized in lymphocytes and in lymphoid cells as described above. Moreover, there exists a significant difference among the four isoforms of hnRNP D in terms of their stabilizing effect on ARE-mediated decay with the following rank order: p37 Ն p42 Ͼ p45 Ն p40. It was striking to find that all hnRNP D isoforms are able to inactivate the rapid RNA decay directed by the c-fos proteincoding region that is distinct from the ARE. Our experiments further indicate that distinct mechanisms underlie the blockage by hnRNP D of these two mRNA decay pathways. Thus, our study identified a potential mechanism by which hnRNP D isoforms differentially and selectively regulate cytoplasmic mRNA turnover. Our results suggest that hnRNP D serves as a key factor broadly involved in mRNA decay directed by many different stability determinants. , pBBBϩARE TNF-␣ , pBBBϩARE fII/jIII , pTet-Myc-Ovep, and pT3ARE fos has been described previously (4, 5, 31, 38, 46, 48) . Plasmids expressing different isoforms of myc-tagged hnRNP D were generated in the following steps. For plasmids pTet-Myc-p40 and pTet-Myc-p45, which express the p40 and p45 isoforms, respectively, a standard PCR was performed to amplify the protein-coding region of the hnRNP D cDNA portion, using pET21(c)-cDx7His6 and pET21(c)-cDx9His6 as templates, which were kindly provided by F. Ishikawa (18) . The PCR-amplified fragments were digested with SalI and EcoRV and then inserted into SalI-EcoRV-digested pTet-MycOvep to create an in-frame fusion of hnRNP D downstream of the myc-tag. To construct pTet-Myc-p37 and pTet-Myc-p42, the BglI-BglII DNA region containing the C-terminal alternatively spliced sequence of hnRNP D cDNA (Fig. 1 ) present in pTet-Myc-p40 and pTet-Myc-p45 was replaced with the BglI-BglII DNA region from pcDNA3.AUF37, which lacks the C-terminal alternatively spliced sequence (kindly provided by G. Brewer) (49) . The proper in-frame insertion of AUF1 cDNAs was confirmed by DNA sequencing. To generate the plasmid pT 3 ARE
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Plasmid construction.
GM63
, a BstXI (fill-in)-BglII fragment covering the 63-bp ARE region from plasmid pBBBϩARE GM-CSF was subcloned into the unique BamHI site of plasmid pT 3 /T 7␣-18 (Gibco BRL). Plasmid pT7fos was kindly provided by Inder Verma.
RNA blot analysis and preparation of NIH 3T3 cytoplasmic and nuclear extracts. Cell culture, DNA transfection, isolation of total cytoplasmic RNA, Northern blot analysis, and lysate preparation were conducted as described previously (26, 39) . Briefly, NIH 3T3 B2A2 cells stably harboring the tetracycline-responsive trans-activator (tTA) (47) were transfected for Ϸ16 h with a total of 20 g of DNA which included 3 g of pBBBϩARE, 3 g of pTet-MychnRNP D isoform or vector (pTet-Myc-Ovep) (31), 2 g of pSV␣1/GAPDH, and enough carrier plasmid pT 3 /T 7␣-18 (Gibco BRL) to make a final amount of 20 g of DNA. The cells were then serum starved for 25 h followed by stimulation with 20% bovine serum (Gibco BRL). Total cytoplasmic RNA was extracted at time intervals according to time course experiments. Gene-specific DNA probes were prepared by the method of random oligonucleotide priming for Northern blot analysis. The 32 P-labeled probes were produced by inclusion of [␣-32 P]dCTP (Ͼ6,000 Ci/mmol; DuPont). All experiments described here were repeated at least once.
For lysate preparation, two plates of transfected cells (15-mm-diameter culture dish) were pooled together and then split into two portions: one for cytoplasmic RNA extraction and the other for preparing cytoplasmic and nuclear extracts as described previously (31) . Protein concentrations were analyzed by using a bicinchoninic acid protein assay reagent (Pierce). These protein samples were used in Western blot analysis and gel mobility shift and supershift assays.
Western blot analysis. Cytoplasmic or nuclear lysates were resolved on a sodium dodecyl sulfate-12% polyacrylamide gel and analyzed by using an ECL Western blotting kit (Amersham, Arlington Heights, Ill.). The blots were probed with specific antibodies as described elsewhere (see the legends for Fig. 2 and 4) . The antibody for the myc tag was obtained by collecting culture medium from hybridoma cells (9E10; American Type Culture Collection) (8) and was used at a 1:100 dilution. The purified monoclonal antibody (MAb) against ␣-tubulin (DM1A) was purchased from Sigma and was used at a 1:20,000 dilution as a positive control for cytoplasmic protein preparations. The antibody against the U1 70K (mouse immunoglobulin G) was kindly provided by Sue Berget and was used at a 1:100 dilution as a positive control for nuclear protein preparations.
Immunofluorescence microscopy study. Indirect immunofluorescence microscopy was conducted as described previously (31 were grown on coverslips and transfected with plasmids expressing individual myc-tagged isoforms of hnRNP D or vector only. After 48 h, cells were fixed with 100% methanol, permeabilized with 0.5% Triton X-100, and then stained using a MAb against myc epitope tag (9E10) as primary antibody. The secondary antibody for anti-mouse-immunoglobulin G (purchased from Sigma) was coupled to fluorescein isothiocyanate. All images were viewed and captured by a Spot-Digital camera (Diagnostics) and processed for publication at 300 dots per in. using Adobe PhotoShop (version 4.0) software. Analysis of RNA-protein interactions. RNA probe synthesis, gel mobility shift assays, and antibody supershift assays were carried out as described previously (7, 48) . In vitro transcription using HindIII-linearized pT 3 ARE c-fos (48) , EcoRIlinearized pT 3 ARE GM63 , or BlpI-linearized pT7fos as template was carried out to synthesize RNA probes for the c-fos ARE, GM-CSF ARE, or c-fos coding regions. Briefly, cytoplasmic lysate (8 g of protein) and 32 P-labeled RNA (1 ng) were incubated at room temperature for 15 min in a buffer containing 10 mM HEPES (pH 7.6), 3 mM MgCl 2 , 40 mM KCl, 2 mM dithiothreitol, 10% glycerol, and 0.5% IGAPEL CA-630. Heparin (5 g/ml, final concentration) and yeast total RNA (200 ng/ml, final concentration) were added to reduce nonspecific binding. The volume of each reaction mixture was 10 l. Subsequently, unbound RNA was digested by including 0.6 U of RNase T1 (Calbiochem, San Diego, Calif.) for 20 min at room temperature. RNA-protein complexes were resolved in 6% nondenaturing polyacrylamide gels. To perform gel mobility supershift analyses, following RNA-protein binding and RNase T1 digestion, 3 l of a MAb against myc tag (9E10) was added into the binding reaction mixture. After a 15-min incubation at room temperature, RNA-protein-antibody complexes were resolved in 6% nondenaturing polyacrylamide gels.
RESULTS
Different isoforms of hnRNP D variably inhibit decay of mRNA bearing the c-fos ARE in NIH 3T3 cells.
Previously, we demonstrated in K562 cells that hnRNP D has a destabilizing role in ARE-mediated mRNA decay (25) . We showed that following hemin-induced erythroid differentiation of K562 human erythroleukemia cells, ARE-containing mRNAs are stabilized. Ectopic expression of hnRNP D in hemin-treated K562 cells was able to restore rapid decay of ARE-containing mRNA. However, when hnRNP D was ectopically overexpressed in non-hemin-treated proliferating K562 cells, it had no effect on the decay of ARE-containing mRNA.
To explore the possibility that hnRNP D's function in AREmediated decay may be cell-type dependent, we examined the decay of ␤-globin mRNA bearing a 3Ј UTR c-fos ARE (BBBϩARE c-fos ) in the presence of ectopically overexpressed hnRNP D in NIH 3T3 cells. NIH 3T3 cells were transiently cotransfected with the BBBϩARE c-fos plasmid and a plasmid expressing an N-terminally myc-epitope-tagged hnRNP D isoform. Because hnRNP D cDNA is driven by the tetracyclineregulated promoter system, an NIH 3T3 stable cell line termed B2A2, which expresses the tetracycline-responsive trans-activator (tTA) in the absence of tetracycline (47) , was used in our transfection experiments. BBBϩARE c-fos mRNA was transiently transcribed from the c-fos promoter after serum induction of the growth-arrested B2A2 cells, which allowed determination of mRNA decay without using a transcription inhibitor to inhibit transcription (47) . The decay of BBBϩARE c-fos was monitored in transiently transfected B2A2 cells constitutively expressing myc-tagged hnRNP D in the absence of tetracycline. The results showed that rapid deadenylation and decay of BBBϩARE c-fos mRNA in the cytoplasm is significantly impeded when the p37 or p42 isoform is overexpressed, but it is only modestly affected by p40 or p45 (Fig. 1) . In contrast, BBBϩARE c-fos mRNA is not affected when a cloning vector without hnRNP D cDNA is overexpressed (Fig. 1) . These results showed that hnRNP D can inhibit ARE-mediated mRNA decay and that the extent of inhibition varies among different isoforms in the following rank order: p37 Ն p42 Ͼ p45 Ն p40. This order is consistent with the relative affinities of hnRNP D isoforms for the ARE determined by in vitro studies using recombinant proteins (10, 11, 44) . These results differ markedly from our previous finding in K562 cells (25) and demonstrate that hnRNP D can exert opposite effects on ARE-mediated decay, depending on cell type and cell physiological conditions.
As a control for the specificity of hnRNP D's inhibitory effect on ARE-mediated mRNA decay, a parallel experiment measuring the decay of ␤-globin mRNA (BBB) bearing no specific destabilizing element was also carried out in B2A2 cells overexpressing individual isoforms. The results (Fig. 1D) showed that when ␤-globin mRNA does not contain any destabilizing element, its deadenylation and decay are not affected by ectopic overexpression of hnRNP D isoforms.
Characterization of expression levels and subcellular distributions of hnRNP D isoforms. To ascertain that differential stabilization effects displayed by different isoforms are not a result of their different levels of protein expression and/or subcellular localization, cytoplasmic and nuclear extracts were prepared from B2A2 cells transiently transfected with individual hnRNP D isoforms. Western blot analysis using a MAb against myc-epitope tag (9E10) ( Fig. 2A) showed no significant difference in expression levels among the four ectopically expressed isoforms in the cytoplasm or in the nucleus. No crosscontamination between the nuclear extract and cytoplasmic extract was detected, as demonstrated by exclusive detection of ␣-tubulin in the cytoplasmic extracts and U1 70K splicing factor in the nuclear preparations. We thus concluded that the Indirect immunofluorescence was also performed using the 9E10 MAb against myc-epitope tag to further evaluate the subcellular distributions of hnRNP D isoforms. NIH 3T3 B2A2 cells were grown on coverslips and were transiently transfected with individual myc-tagged hnRNP D isoform constructs. The results showed that all ectopically expressed isoforms were located in both the nucleus and the cytoplasm (Fig. 2B) . These results are consistent with the Western blot analysis of cell fractionation ( Fig. 2A) and are also consistent with the isoforms being nucleocytoplasmic shuttling proteins.
Ectopic overexpression of hnRNP D differentially stabilizes mRNAs containing different AREs. To investigate whether hnRNP D differentially regulates the mRNA decay mediated by different classes of AREs in vivo, we performed time course experiments to monitor the decay of ␤-globin mRNA bearing the GM-CSF ARE (class II) and the c-jun ARE (class III) in B2A2 NIH 3T3 cells that ectopically overexpress individual myc-tagged hnRNP D isoforms. The results (Fig. 3) showed that all four isoforms display a more profound impeding effect on the rapid decay of BBBϩARE GM-CSF mRNA than their corresponding effect on the decay of BBBϩARE c-fos mRNA. In contrast, none of the isoforms showed a significant stabilizing effect on the decay of BBBϩARE c-jun . The poly(A) shortening of BBBϩARE GM-CSF is significantly impaired, which then prevents decay of the RNA body. Taken together, our data show that hnRNP D differentially inhibits RNA decay mediated by the three classes of AREs in vivo with the following rank order of effect: class II ARE Ͼ class I ARE Ն class III ARE. There is a positive correlation between the decay-impeding effect on AREs by hnRNP D and the numbers of AUUUA motifs within AREs.
The presence of multiple copies of pentanucleotide AUUUA in an ARE correlates with strong in vitro interactions between an ARE and 3T3 cell-made hnRNP D. To further address the importance of AUUUA motifs in determining the differential stabilization effects upon an ARE by hnRNP D, we conducted gel mobility shift assays using whole cytoplasmic extracts containing individual myc-tagged isoforms. Gel mobility shift assays were carried out using uniformly 32 P-labeled GM-CSF ARE, c-fos ARE, or c-jun ARE RNA. To better assess RNA-protein complexes formed between the myc-tagged exogenous hnRNP D and ARE RNA substrate, antibody-supershift assays using 9E10 MAb against the myc-epitope tag were also performed in parallel. The results showed that GM-CSF ARE formed discernible new complexes with exogenous hnRNP D proteins (Fig. 4) that were readily super-shifted by MAb 9E10. In addition, c-fos ARE also supports new complex formation, albeit weakly, when lysates containing myc-tagged p37 or p42 are used. It appears that both p37 and p42 support more significant RNAprotein complex formation than either p40 or p45. In contrast, no RNA-protein complex can be detected by these assays when using a c-jun ARE probe (data not shown). The results from our in vitro studies using hnRNP D proteins made in NIH 3T3 cells are consistent with our in vivo studies showing that wildtype hnRNP D can discriminate among different classes of AREs and exerts its differential decay-impeding effect in the following rank order: GM-CSF ARE (class II) Ͼ c-fos ARE (class I) Ն c-jun ARE (class III). 
A cluster of overlapping AUUUA motifs observed in class II
AREs is a key feature recognized in vivo by hnRNP D for its negative effect on mRNA decay. The above results suggested that multiple overlapping AUUUA motifs found in class II AREs are a key feature recognized by hnRNP D. To test this possibility, we performed two lines of experiments. First, the destabilizing function of three additional AREs, the c-myc ARE from class I, the TNF-␣ ARE from class II, and a synthetic non-AUUUA ARE (fII/jIII) (32) representing class III, was examined in B2A2 cells constitutively expressing the p37 isoform of hnRNP D. The results (Fig. 5A) showed that p37 has a very drastic stabilizing effect on the class II TNF-␣ ARE, whereas it has little effect on the non-AUUUA ARE. The class I c-myc ARE was moderately affected. This rank order of stabilization on three additional AREs by hnRNP D is consistent with the results in Fig. 1 and 3 .
Second, to further substantiate this correlation and determine whether clustering of AUUUA motifs is critical, two additional AREs were tested. The first was a mutant GM-CSF ARE (GM1) with three point mutations that knock out the clustering of multiple AUUUA motifs (46) . This manipulation transformed the GM-CSF ARE from class II, with seven copies of clustered AUUUA motifs, into class I, with four copies of scattered AUUUA motifs. The second ARE, termed syn2, is a synthetic class II ARE consisting of a 54-nt 5Ј spacer and a 3Ј sequence with a cluster of three AUUUA motifs. The 54-nt spacer has no destabilizing effect by itself, whereas the 3Ј AUUUA cluster is the key sequence feature that constitutes the destabilizing function for syn2 ARE (46) . The results (Fig.  5B) showed that the rapid decay of BBBϩARE syn2 is nearly completely blocked by p37, whereas BBBϩARE GM1 , like two other class I ARE-containing messages that we tested (BBBϩARE c-fos and BBBϩARE myc ), is only moderately stabilized by p37. Taken together, we conclude from these separate lines of evidence that hnRNP D inhibits class II AREmediated mRNA decay by recognizing multiple overlapping AUUUA motifs. It has only a moderate stabilization effect on class I AREs that contain a few scattered copies of the AUUUA motif.
hnRNP D isoforms inhibit the rapid decay of a reporter mRNA bearing the c-fos protein-coding region. Given the above results and previous in vitro studies concerning specific binding of hnRNP D to AREs, it is intriguing that hnRNP D was recently shown to be an integral component of a complex implicated in rapid mRNA decay directed by the c-fos major coding determinant, a purine-rich sequence element in the protein-coding region (15) . One implication of that study is that hnRNP D may have a general role in mRNA turnover and may participate in mRNA turnover that does not involve direct binding to a stability determinant. Therefore, we asked whether hnRNP D might regulate RNA decay directed by the entire c-fos protein-coding region, which contains multiple RNA determinants of instability including the major coding determinant (35) . To test this possibility, the rapid decay of a hybrid message (BFB) consisting of the ␤-globin 5Ј and 3Ј UTRs and the entire c-fos protein-coding region (40) was monitored in B2A2 cells that constitutively overexpress individual hnRNP D isoforms. The results (Fig. 6) showed dramatic stabilization of BFB mRNA by all four isoforms, which is different from the differential effects seen with AREs. In contrast, overexpression of another ARE-binding protein, HuR, had little effect on the rapid decay of BFB mRNA. It is of particular significance that hnRNP D isoforms specifically block decay of BFB transcript, whereas they have no effect on the decay of ␤-globin mRNA bearing no specific decay determinant described above (Fig. 1D) . These experiments demonstrated the participation of hnRNP D in mRNA turnover mediated by distinct RNA destabilizing elements.
Different mechanisms underlie the stabilization effect of hnRNP D on the ARE-mediated and c-fos coding determinantdirected decay pathways. To test whether hnRNP D binds directly to the c-fos coding determinants, gel mobility and antibody super-shift assays were carried out using an RNA probe spanning the entire c-fos open reading frame and B2A2
FIG. 4. In vitro interactions of hnRNP D isoforms with different
AREs correlate with the copy number of AUUUA motifs in AREs. 32 P-labeled RNA transcribed in vitro from human GM-CSF ARE (A) or c-fos ARE (B) was incubated with cytoplasmic lysates from NIH 3T3 B2A2 cells transfected with individual plasmids expressing vector or myc-tagged hnRNP D isoforms. The RNA substrate was incubated with cytoplasmic lysate followed by RNase T1 digestion. The digestion mixtures were left alone (Ϫ) or further incubated in the presence of MAb against the myc-epitope tag (ϩ9E10) as indicated on the top of each lane. The final reaction mixtures were analyzed by electrophoresis in a 6% nondenaturing polyacrylamide gel. New complexes (asterisks) and supershifted complexes (brackets) are as indicated.
cell lysate containing individual hnRNP D isoforms. The results (data not shown) showed that all isoforms failed to support the formation of any RNA-protein complexes that could be readily super-shifted by the anti-myc MAb (9E10). They all showed a gel-shift pattern identical to that of the control lysate (data not shown). To further substantiate that hnRNP D does not bind directly to the c-fos protein-coding region, the unlabeled c-fos protein-coding-region RNA was used as a competitor in the gel mobility shift assay. The results (Fig. 7) showed that an increasing amount of c-fos coding-region RNA does not abolish formation of RNA-protein complexes between the 32 P-labeled GM-CSF ARE and myc-tagged p37 in the lysate, whereas the cold GM-CSF ARE competes well. We concluded from these two separate lines of evidence that hnRNP D synthesized in NIH 3T3 cells does not bind directly to the c-fos coding region to exert its stabilizing effect in vivo, indicating that different mechanisms underlie the stabilization effect of hnRNP D of the ARE-mediated and c-fos coding-determinant-directed decay pathways.
DISCUSSION
hnRNP D has dual roles in cytoplasmic mRNA decay in a cell-type-specific manner. In this study, we made several findings that provide a molecular basis to explain how differential degradation of mRNAs bearing different classes of AREs may be regulated by specific ARE-BPs. The findings also have general implications for the function of ARE-BPs and their target AREs in vivo. Our experiments showed that hnRNP D has both a positive and a negative role in ARE-mediated RNA turnover: a stabilizing role observed in NIH 3T3 cells (this study) and a destabilizing role previously identified in K562 cells (25) . The contrasting effects of hnRNP D exhibited in NIH 3T3 fibroblasts versus K562 erythroleukemic cells indicate that hnRNP D's function in RNA turnover is regulated in a cell-type-specific manner.
In vivo discrimination among three different classes of AREs by hnRNP D. In contrast to a relaxed binding specificity for AREs observed in vitro using recombinant proteins syn- RNA blots and semi-log plots showing decay of BBB mRNAs containing a mutant GM-CSF ARE (GM1, class I ARE) and a synthetic ARE representing a class II ARE in NIH 3T3 B2A2 cells expressing the p37 isoform of hnRNP D (ϩp37) or vector (control). Open rectangles and oval symbols in both panels depict AREs and AUUUA motifs, respectively. Cell culture, transfection, RNase H treatment, and quantitation of mRNA and data plotting were as described in the legend to Fig. 1. thesized in E. coli (1, 10, 44) , hnRNP D discriminates among the three different classes of AREs in vivo. It most effectively down-regulates the destabilizing function of class II AREs via recognition of multiple overlapping AUUUA motifs. Consistent with our in vivo characterizations, our in vitro gel-shift assays using cytoplasmic extracts prepared from NIH 3T3 cells that overexpress individual hnRNP D isoforms also showed a similar discrimination among different classes of AREs. The discrepancy between our results and other in vitro binding studies using recombinant proteins could be due to the lack of posttranslational modifications of recombinant hnRNP D, such as methylation or phosphorylation (49) , and/or the absence of specific hnRNP D-interacting proteins that modulate its ARE-binding specificity and affinity. Thus, our data suggest that in vivo these modifications and/or interactions are critical for fine-tuning hnRNP D's functions in cytoplasmic mRNA turnover.
Distinct roles for hnRNP D isoforms in the differential regulation of mRNA decay. The differential regulation of mRNA turnover by hnRNP D isoforms observed in our experimental system defines a potential mechanism of hnRNP D isoformspecific regulation of mRNA turnover. Our data show that a significant difference exists among four hnRNP D isoforms in their ability to inhibit ARE-mediated decay in NIH 3T3 cells with the following rank order: p37 Ն p42 Ͼ p45 Ն p40. Surprisingly, all hnRNP D isoforms are equally capable of blocking the rapid RNA decay directed by another mRNA stability determinant, i.e., the c-fos protein-coding region, which does not share any significant sequence similarity with the AREs. Thus, p40 and p45 isoforms have the ability to down-regulate the destabilizing function of the c-fos protein-coding determinants without affecting that of the ARE. This implies that these two isoforms could be used to selectively increase the stability of c-fos mRNA without affecting other ARE-containing mRNAs. On the other hand, p37 or p42 could stabilize c-fos mRNA even more by blocking the destabilizing function of both the ARE and coding region determinant without affecting class III (non-AUUUA) ARE-containing mRNAs, such as cjun mRNA. This point is of particular significance given that the expression of c-fos mRNA is frequently induced along with a large group of labile early-response-gene mRNAs and cytokine mRNAs that contain an ARE in their 3Ј UTRs (2, 14, 37) . It will be interesting for a future study to address the physiological consequence and significance of producing different isoforms of hnRNP D that display differential binding to AREs and c-fos coding determinants.
What might be the structural basis for the isoform-specific effects observed? It is interesting that both p37 and p42 lack an N-terminal peptide insertion that is alternatively included in the mRNAs encoding p40 and p45 during pre-mRNA splicing of hnRNP D (Fig. 1) . In vitro studies showed that the alternatively spliced peptide inserted in the first RRM, found in p40 and p45, interferes with their ability to bind target RNA sequences (18) . The significance of this structural difference observed in vitro is supported by our in vivo functional characterizations. We showed that p37 and p42 are much more effective than p40 and p45 in inhibiting ARE-mediated mRNA decay in NIH 3T3 cells (this study) or in rescuing ARE-directed decay in K562 cells that have been induced for further erythroid differentiation by hemin (25) . On the other hand, the potent inhibition of the c-fos coding-determinant-directed mRNA decay by all hnRNP D isoforms may thus involve common domains present in all four isoforms. Functional dissection of hnRNP D should shed light on the relationship between the structure and function of hnRNP D.
A critical issue concerning hnRNP D is the specificity of its inhibitory effect on mRNA decay, given that hnRNP D blocks the function of two distinct RNA decay determinants. The following lines of evidence support a specific regulatory role rather than a nonspecific stabilization effect for hnRNP D. First, HuR, an ARE-BP exhibiting a binding affinity similar to that of hnRNP D in vitro (27) , has no effect on the c-fos coding-determinant-mediated decay (Fig. 6) . Second, the p40 isoform has essentially no effect on ARE-mediated decay but dramatically blocks the rapid decay directed by the c-fos coding region. Third, ectopic overexpression of hnRNP D in proliferating K562 cells does not inhibit ARE-mediated decay, suggesting a cell-type-specific effect. Fourth, hnRNP D's effect on AREs is class specific in that it has little effect on class III AREs. Lastly, ectopic overexpression of hnRNP D specifically impairs the deadenylation step of the ␤-globin mRNA bearing either an ARE or the c-fos coding region but has no such effect on the ␤-globin mRNA alone, demonstrating that hnRNP D's effects on deadenylation require specific RNA stability determinants.
The negative effect by hnRNP D on mRNA decay mediated by the ARE and the c-fos coding determinants involves two distinct mechanisms. Given that hnRNP D does not bind directly to the coding sequence and there is no sequence similarity between the ARE and the c-fos coding sequence, how might p37 isoform exert its inhibitory effect on the two very distinct destabilizing elements? In the case of AREs, it is possible that stabilization is effected via direct binding of hnRNP D to an ARE, preventing the assembly of a decay complex necessary for rapid deadenylation and decay. For coding determinants whose function is coupled to translation, a few possibilities may be envisaged. For example, overexpression of hnRNP D might block translation initiation, leading to blockage of deadenylation. Recently we showed that p37 isoform is an integral component of a multiprotein complex that bridges the interaction between the major c-fos coding determinant and the 3Ј poly(A) tail (15) . Deadenylation and decay of the coding-determinant-containing mRNA is induced by disruption or reorganization of the complex as a result of ribosome transit following translation initiation. However, our results from sucrose gradient fractionation experiments showed no change of polysome profiles between the absence or presence of ectopically overexpressed p37 (data not shown), arguing against the notion of blockage of translation initiation. As our data also demonstrate that there was no direct binding of hnRNP D to the coding determinants, they point to a possibility of hnRNP D's direct interference with deadenylation activity. For instance, overexpression of hnRNP D affects the efficient recruitment of a critical factor, e.g., poly(A) nuclease (PARN/DAN) (9, 20) , by the coding determinant. Or, overexpression of hnRNP D causes the formation of an aberrant bridging complex and/or mRNP structure that is unable to FIG. 7 . Ectopically expressed human hnRNP D isoforms do not directly interact with the c-fos coding region in vitro. 32 P-labeled RNA transcribed in vitro from human GM-CSF ARE was incubated with cytoplasmic lysates in the presence of increasing amounts of either unlabeled GM-CSF ARE or unlabeled c-fos coding region transcript as competitor. The binding mixtures were analyzed by electrophoresis on a 6% nondenaturing polyacrylamide gel. Gel mobility shift and antibody-supershift assays were carried out as described in the legend to Fig. 4 Our findings also have an important implication in that hnRNP D may serve as a global factor in controlling general mRNA turnover in mammalian cells rather than a factor only involved in ARE-mediated decay. This notion is also supported by two other recent studies. In one study, hnRNP D was found in an RNA-protein complex necessary for the stability of ␣-globin mRNA (19) . In the other study, p45 isoform was found in RNA-protein complexes formed with a 390-nt destabilizing sequence from the 3Ј UTR of cyclin D1 mRNA (23) . Significantly, neither RNA stability determinant contained AUUUA motifs.
Molecular mechanism for selective stabilization of cytokine mRNAs. Since class II AREs are primarily found in mRNAs coding for cytokines, our results provide evidence that hnRNP D, particularly the p37 and p42 isoforms, may serve as a major ARE-BP that contributes to the transient up-regulation of cytokines during a broad range of immune and stress responses. For example, one scenario for hnRNP D acting as a negative regulator is that an up-regulation of levels of p37 or p42 in the cytoplasm during, e.g., T-cell and mast cell activation (24, 30) , specifically leads to binding to and then stabilization of the class II ARE-containing cytokine mRNAs, such as GM-CSF, TNF-␣, and IL-3, without affecting mRNAs containing other classes of AREs, such as c-fos and c-myc mRNAs. The question then becomes how such up-regulation of hnRNP D expression may be elicited. A few recent studies showing alterations of the stability of ARE-containing mRNAs in response to the activation of specific signaling transduction pathways point to the involvement of these signaling pathways in controlling ARE and ARE-BP functions. One study showed that activation of p38 mitogen-activated protein kinase induced by proinflammatory cytokines specifically inhibited ARE-mediated mRNA decay (45) . In another case, the ionomycin-induced activation of the c-Jun N-terminal kinase (JNK)-stress-activated kinase pathway in mast cells was shown to be necessary for stabilizing IL-3 mRNA, a class II AREcontaining mRNA (28) . Significantly, the role of IL-3 AREs cannot be substituted by class I AREs from either c-fos or c-myc. It will be important to investigate whether the multiple yet distinct roles played by hnRNP D in mRNA turnover are controlled by phosphorylation-dephosphorylation and to identify the relevant kinase and phosphatase responsible for those direct modifications. Further light may be shed on the roles of individual isoforms of hnRNP D by using transgenic mice that lack or overly express specific isoforms of hnRNP D.
